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Abstract
In order to optimize the textile composite reinforcement forming processes,
the numerical analyses are indispensable. Numerical simulations of multilayered
composite forming allow the prediction for a successful process to produce the
thick composite parts, in particular the position of the fibres after forming can be
known. This paper details a set of simulation examples carried out by using a
semi-discrete shell finite element made up of unit woven cells. The preliminary
simulation results are shown in the paper. These results can not only improve
the understanding of the formability of multi-layered textile reinforcements but
also point out the importance of the relative fibre orientation and inter-ply friction
during forming.
Keywords: Textile composite; Fabrics; Finite element analysis; Forming

Introduction
During the last decade, textile composite reinforcement has been
used more and more in aeronautical industry. The prepregs and the
Resin Transfer Moulding (RTM) are popular processes in composites
manufacturing field. As the first stage in these processes, forming stage
will have a significant influence on the resin flow impregnation by
the modification on the permeability [1-4] and on the characteristics
of the final composite part [5-8]. In this case, numerical simulation
analysis of dry textile reinforcements should be performed to predict
the feasibility forming conditions, optimize the main forming
parameters and minimize the manufacturing defects [9-18].
Some papers have been performed about the multilayered
composites forming by numerical simulation analysis [14, 19-22].
These numerical models deal with the composites forming through a
mesoscopic approach. However, when the preform has a large number
of ply and the dimensions of the preform are rather important, the
forming simulation will be expensive and not efficient by using a
mesoscopic model. In the present paper, a semi-discrete approach
[13,16,18,23] and the method of forward increment Lagrange
multipliers [24] are proposed to simulate the mechanical behaviors
of composite layers and describe the inter-ply contacts during the
forming. Through a set of forming simulations, the aspect of multilayered textile reinforcement forming will be shown manifestly.

Numerical Modelling with Approach “SemiDiscrete”
Numerical modelling of textile composites forming can be
realized at different scales (Figure 1). The mechanical behaviour of
textile composite is particular as the possible motions between fibres
(microscopic scale) or yarns (mesoscopic scale) [25-27]. Most of the
forming process simulations are performed at the macroscopic scale.
Several mechanical models have been proposed for textile composite
reinforcements [28-32]. However there is no widely accepted model
that accurately describes all aspects of the mechanical behaviour of
fabrics.
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Figure 1: Multi-scales in the numerical modelling of composite forming.

As an alternative approach to the macroscopic and mesoscopic
approaches, a semi-discrete approach has been developed in [13,23].
This semi-discrete shell finite element is comprised of unit woven
cells with rotation free, which presents only displacements of nodal
variables. The warp and weft directions of the woven fabric can be
in an arbitrary direction with respect to the direction of the element
side. Comparing to the discrete approach, the computational cost is
reduced significantly due to the decrease in the number of Degree
of Freedom (DOF). Regarding the continuous approach, the semidiscrete approach avoids the use of stress tensors and defines directly
the loading on a woven unit cell by the warp and weft tensions and by
in-plane shear and bending moments [13,23]. In this case, it does not
need to determine and update the particular homogenous behaviour
of textile materials to employ in a continuous model.
The virtual work theorem is described in Equation (1) for any
virtual displacement ñ (ñ field is equal to zero on the boundary with
prescribed displacements Гu). The internal virtual work is assumed
to be composed of three terms (Equation (2)): the work connected
to fibre biaxial tensions, the work due to in-plane shear presenting
the variation of the angle between warp and weft directions, the work
corresponding to bending effects during a flexion of the fabric.
wext (η ) − wint (η ) = wacc (η ) ∀η / η = 0 on Γu
(1)
With
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where w (η ) , w (η ) and w (η ) are the virtual internal works
of tension, in-plane shear and bending, respectively, with:
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where Ρ is the woven cell number, ncell is the total number of
woven cells, ε11 (η ) and ε 22 (η ) are the virtual biaxial strains, L1 and L2
are the length of unit woven cell in warp and weft directions, γ (η ) s
the virtual angle between the warp and weft directions, is the in-plane
shear moment, χ11 (η ) and χ 22 (η ) are the virtual curvatures of warp and
weft directions, M11 and M22 are the bending moments on the woven
cell following warp and weft directions.

Figure 2: Calculation of the total displacement by using a predictor and a
corrector.

The mechanical behaviour of the textile composite reinforcements
during forming is given by the biaxial tensile properties [33-35], the
in-plane shear properties [36-43] and the bending properties [18,4446]. These mechanical properties will be used in the following forming
simulations presented in the section 4.

Surface Contact Management
As one of the key problems, the interactions of tool / ply and
ply / ply should be taken into account in the numerical model. The
geometric description of the surface contact is managed in a manner
that we can work with a complex shell to shell contact problem, which
can be composed classically in different contact cases: point / point,
point / surface, point / segment, and segment / segment.
The numerical simulation of contact behaviour during the
forming process is accomplished using the algorithm of the forward
increment Lagrange multipliers proposed by Carpenter [24]. This
method could be introduced into the dynamical expression described
as Equation (6) as contact occurs. In which [M] is the mass matrix,
{u&&} is acceleration vector, {Fint} and {Fext} are internal and external
loads vectors of the system, {λ} is Lagrange multiplier vector and its
components are the surface contact forces, n is an index of calculation
step and [G] is a surface contact displacement constraint matrix.

Figure 3: The forming experiments by a cylinder punch for the G1151®
fabric: (a) Experimental set-up, (b) With a single ply [0°/90°], (c) With a single
ply [-45°/45°], (d) With two plies [0°/90°, 0°/90°], (d) With two plies [0°/90°,
-45°/45°], (e) With tow plies [-45°/45°, 0°/90°].

After combine the equation (7) and (8), it leads to straightly a
linear solution of contact forces shown in Equation (9). Subsequently,
the calculations of contact forces increment and the corrector of
the total displacement can be performed by using the Gauss-Seidel
iteration algorithm [24].

[ M ]{u&&n } + {Fnint } + [Gn +1 ]T {λn } = {Fnext }

(6)

∆t 2 [Gn +1 ][ M ]−1[Gn +1 ]T {λn } = [Gn +1 ]({un*+1} + { X 0 }) (9)

[Gn +1 ]({un +1} + { X 0 }) = {0}

(7)

Forming Simulations and Experimental
Correlation

Where {u} is the vector of displacement degrees of freedom and
{Xo} is the material co-ordinate vector.
In the case of “semi-implicit” integration, the total displacement
of each node can be calculated according to Equation (8) by a
predictor {u*}, determined from Equation (6) under the condition
without contact effect and a corrector {uc}, computed as the contact
loads presented (see Figure 2).
−1

{u } = ∆t [ M ] ({F } − {F }) + 2{un } − {un −1}
2

The tensile behaviour law: T 11 = C1ε11 and T 22 = C2ε 22

where C1 and C2 are the tensile stiffnesses in warp and weft
directions.

ext
n

int
n

(8)

M s (γ ) = k1γ + k2γ 3 + k3γ 5

			

{u } = −∆t [ M ] [Gn +1 ] {λn }

Where K1, K2 and K3 are the in-plane shear stiffnesses.

where ∆t is a time step increment.

The bending behaviour law : Mii =BiXii (i=1, 2)

c
n +1

2

−1

(10)

The in-plane shear behaviour law:

{un +1} = {un*+1} + {unc+1}
*
n +1

In the numerical simulation model, the tensile, in-plan shear
and bending behaviour laws are described as Equation 10, 11 and 12,
respectively:

T
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Table 1: Main mechanical properties of the G1151 fabric.
Mechanical properties

Measured by

Tensile stiffness (N/yarn)

Biaxial tensile test

In-plane shear stiffness (mm N)

Picture-frame test

Bending stiffness (N mm)

ASTM standard test

Value
C1 = 2300
C2 = 2300
K1 = 0.371
K2 = -0.841
K3 = 1.03
B1 = 8.84
B2 = 8.84

Table 2: Geometries and rigidities of the textile reinforcement
Section 5.
Initial dimensions of a
Tensile
In-plane shear
single ply
stiffnesses
stiffness
(mm)
(N/yarns)
(mm N)
K1 = 0.371
Test
K2 = -0.841
380 × 540× 0.35
C1=C2=35400
5.1
K3 = 1.03
Test
400 × 400 × 0.135
C1=C2=1000
5.2

fabric used in
Bending
stiffnesses
(N mm)
B1=B2=0.5
B1=B2=0.5

Figure 5: Numerical simulation of “double dome” forming process: (a)
Experimental set-up, (b) ¼ Geometry model and mesh structure.

the inter-ply friction, in this case the wrinkling phenomenon could
be modified. It points out the important impact of the relative fibre
orientation during the multi-layered textile reinforcement forming.

Figure 4: Numerical simulations of a cylindrical forming for G1151® fabric:
(a) 1/4 geometry model and mesh structure, (b) with a single ply [0°/90°], (c)
with a single ply [-45°/45°], (d) with two plies [0°/90°, 0°/90°], (e) with two plies
[0°/90°, -45°/45°], (f) with tow plies [-45°/45°, 0°/90°].

where B1 and B2 are the bending stiffness in warp and weft
directions.
The cylindrical preformings for the G1151® fabric manufactured
by HEXCEL Corporation have been performed and shown in Figure
3. The dimensions of the fabric are 375 mm × 375 mm. The main
mechanical properties of the G1151® fabric are given in Table 1. The
punch radius is 37 mm. A weak blank holder pressure of 4.3×10-3 MPa
are used in the preforming tests. The punch displaces vertically with
a constant velocity of 30 mm/min and the maximum displacement
is 50 mm.
Figure 3b and 3c show the deformed shape of a single ply with
a fibre orientation of 0/90° and ±45°. The wrinkling phenomena are
very different in these two forming cases due to the different fibre
orientations. Figure 3d presents the forming with two 0/90° plies. As it
has not relative fibre orientation in the preform stacking, the deformed
preform after forming is identical to one of mono-ply forming shown
in Figure 3b. When a relative fibre orientation presents in preform,
e.g. in Figure 3e and 3f, the deformed shape of the preform and the
wrinkling phenomena are modified. The material draw-in and the
in-plane shear effects are not same during the 0/90° and ±45° plies.
In addition, the interaction between two contact plies depends on
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The forming simulations corresponding to the experimental
preforming tests are shown in Figure 4. The coefficient of friction
0.2 on tool / ply and ply / ply surfaces is used in the forming
simulation. Compared to the preforming test shown in Figure 3, a
good agreement can be observed about the wrinkling phenomena
between experimental approach and numerical simulation. When
the two plies are superimposed in the same direction (see Figure 3d
and 4d), the similar wrinkling phenomena can be observed compared
to a single ply forming (Figure 3b and 4b). Moreover, it has no intersliding between the two plies. The inter-sliding was determined by
the difference of material draw-in between the top and the bottom
plies. The maximum material draw-in and inter-sliding are presented
in Table 3. The similar measurements can be observed between
experiment approach and forming simulation. The maximum drawin is noted at the central point of four sides of 0/90° ply and in the four
corners of ±45° ply as observed in Figure 3 and 4. Compared to the
draw-in between the [0°/90°] and [-45°/+45°] preforms, the draw-in
of 0°/90° ply is always bigger than ±45° ply’s due to an increasing of
friction effects between tool/ply and ply/ply. Furthermore, comparing
the single-ply and multilayered forming by using the same yarn
orientation, the maximum material draw-in is slightly important in
the forming of a single ply as the friction coefficient was different
on the contact surfaces tool/ply and ply/ply. Normally, the friction
coefficient is bigger on the contact surface ply/ply than on the surface
tool/ply.

Numerical Analyses of Multilayered Textile
Composites Forming
The properties of the woven composite reinforcement considered
Adv Res Text Eng 1(2): id1009 (2016) - Page - 03
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Table 3: Maximum material draw-in and inter-sliding in different preforming
cases obtained by experiment approach and numerical simulation.
Maximum material draw-in
Maximum inter-sliding (mm)
(mm)
[0°/90°,
[0°/90°,
[-45°/45°,
Preform
[-45°/45°]
[0°/90°]
0°/90°]
-45°/45°]
0°/90°]
Experiment
21.0
14.5
19.5
14.0
19.1
approach
Numerical
22.3
13.9
20.2
15.1
19.5
simulation
Figure 6: Numerical simulation of “double dome” forming with eight woven
plies with different fibre orientation: (a) Preform stacking and forming tools,
(b) Only preform stacking.

Figure 7: Geometry model and mesh structure of the cylindrical forming.

in two different following simulation examples are shown in Table 2.
The speed of the forming in the simulation is larger than the real one
but it is checked that the kinematical energy remains small enough to
consider that the transformation is quasi-static.
“Double dome” forming process
According to the “double dome” forming in the international
benchmark framework [47,48], the geometry of the tools are described
in Figure 5. The coefficient of friction on the surface contacts is f = 0.3.
A blank holder pressure 2×10-4 MPa is applied during the forming
stage.
The forming simulation of eight woven plies with different fibre
orientation is shown in Figure 6. The preform sequence is [0°/90°,
-45°/45°, 0°/90°, -45°/45°]2 . As each ply is not placed in same
orientation, the ply is deformed in different way during the forming.
Consequently, the material draw-in and the in-plane shear angle
are varied significantly by the change in fibre orientation [10]. The
importance of fibre orientation is emphasized not only in the monoply composite forming but also in the multilayered one.
Forming with a cylindrical punch
As mentioned previously (in section 4), it often experiences the
wrinkling phenomenon during the composite forming due to the
strong in-plane shear effects. This phenomenon could be modified in
the multilayered forming cases; particularly, it could be strengthened
due to the interactions among the plies. A cylindrical forming (Figure
7) is presented to introduce this aspect. Figure 7 shows the geometry
model. The punch radius is 156 mm. The dimensions of the fabric
are noted in Table 2. A 0.1 MPa pressure is applied on the eight
independent blank holders during the whole forming stage.
Submit your Manuscript | www.austinpublishinggroup.com

Figure 8: Wrinkling phenomenon changes following the different sequence of
the preforms stacking in the four woven layer cylindrical forming.

As an essential forming parameter, the relative fibre orientation
plays important roles in the multilayered composite forming, which
could lead to a series remarkable modification of the deformed
preform, e.g. the wrinkling phenomenon. Although it is not simple
to conclude that the wrinkles increase with an increasing of the
relative orientation between the plies (Figure 8), it can be observed
that the more important wrinkling phenomenon presents in Figure
8c than Figure 8a and in Figure 8d than Figure 8b. It is clear that in
the case of Figure 8d the wrinkling phenomenon is most important
than the other cases due to the stronger variation of the relative fibre
orientation between the plies.

Conclusion
It is important to predict the feasibility conditions of a
multilayered composite forming process through the numerical
simulation analyses. The forming simulation results can not only
improve our understanding of the forming process but also give
some essential forming information, such as the final shape of the
preform, fibre positions and the wrinkling phenomena. An example
of the correlation forming simulation/experimental preforming
and the following numerical applications mentioned in this paper
show a capacity of simulating the multilayered composite forming
by the developed numerical model. The numerical simulation
analysis demonstrates generally the multilayered aspect in the
textile composite reinforcement forming. The results point out the
significant importance of the relative fibre orientation between the
layers and the inter-ply friction in multilayered forming.
The forming simulations are confirmed by the forming
experiments. The numerical and experimental data presents that in
Adv Res Text Eng 1(2): id1009 (2016) - Page - 04
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multilayered cases the wrinkles will be modified corresponding to
the changes of the preform’s sequence, but they will not be changed
if the ply is superposed with a same fibre orientation. The forming
simulations performed and shown in the paper are valid for the
balance fabric. The developed numerical model can be valid also for
the no balance fabric, it will be tested and verified in the future work.
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